The glass-forming ability of Nb-Ni-Ti-Zr quaternary alloys has been evaluated by combining the Calculation of Phase Diagrams method with the Davies-Uhlmann kinetic approach. Time-temperature-transformation (TTT) curves were obtained for steady state nucleation for the calculations, which give the time required for the formation of detectable amounts of a crystalline phase from a supercooled liquid as a function of temperature. Then, the critical cooling rates for glass formation were calculated from the TTT curves. Among the input parameters for the calculation of the TTT curves, the driving force for crystallization of the crystalline phase was derived using the thermodynamic function of each phase formulated in previous studies. The calculations show that the critical cooling rates for Nb 40ÀxÀy Ni 60 Ti x Zr y alloys decrease with increasing Zr content up to 20 mol%Zr. In particular, the calculated values for the Nb 10 Ni 60 Ti 10 Zr 20 and Nb 5 Ni 60 Ti 15 Zr 20 alloys were around 10 0 K/s.
Introduction
Glassy or amorphous Nb-Ni-Ti 1) and Nb-Ni-Zr 2) alloys, and crystalline Nb-Ni-Ti alloys 3) consisting of NiTi and bcc (Nb, Ti) duplex phases are anticipated to act as membrane materials for hydrogen purification due to their high hydrogen permeability. In contrast, quaternary Nb-Ni-Ti-Zr glassy alloys have been reported to exhibit high hydrogen impermeability, corrosion resistance, and formability when used as bipolar plates in fuel cells. 4, 5) Although the glassy-or amorphous-forming (hereafter referred to as ''glass-forming'') composition ranges of these ternary and quaternary alloys have been investigated experimentally, 1, 2, 6) information on their glass-forming ability, as well as the phase diagram, especially phase equilibria involving the liquid phase, would be useful for understanding their thermal stability and for further development of these hydrogen energy-related materials. In our previous work, 7) a thermodynamic study of the phase equilibria in the Nb-Ni-Ti-Zr quaternary system was carried out using the Calculation of Phase Diagrams (CALPHAD) method. 8) In the CALPHAD method, any thermodynamic quantity, as well as phase diagrams, can be calculated using the formulated Gibbs energy function for each phase.
In this study, the glass-forming ability of Nb-Ni-Ti-Zr quaternary alloys has been evaluated quantitatively in terms of the critical cooling rate for glass formation, by incorporating the thermodynamic quantities obtained from phase diagram calculations into the Davies-Uhlmann kinetic formulations. 9, 10) 
Calculation Procedures
The critical cooling rates for glass formation were obtained from the time-temperature-transformation (TTT) curves for steady state homogeneous nucleation, although the critical cooling rates can also be determined accurately by constructing the continuous-cooling-transformation (CCT) curves. The importance of transient nucleation effects on rapid quenching has been stressed in other publications, 11, 12) where the solidification time is of the same order as the transient nucleation time (typically $10 À6 s 13) ). However, the treatment of such effects is very complicated, and in this work, the transient nucleation effects were not taken into account for simplicity.
In the Davies-Uhlmann kinetic formulations, 9,10) the time, t, necessary for the formation of a crystalline phase of volume fraction, X, is given by following equation
where is the viscosity of the melt, k is the Boltzmann constant, T is the transformation temperature, a 0 is the mean atomic diameter, N v is the number of atoms per unit volume, and R is the universal gas constant. The fraction of sites at the liquid/crystal interface, where atoms may preferentially be added and moved, is denoted by f , and is given by the following expression 10)
where T m is the liquidus temperature. The term G m is the molar free energy driving force for the liquid to crystallize, and G Ã is the free energy barrier for nucleation of a spherical nucleus and is given by the expression
where N A is Avogadro's number and m is the liquid/crystal interfacial energy per molar surface area. According to Turnbull, 14) the term m is related to the molar heat of fusion, H f m , based on the relationship between the value of the bond energy across the interface, and can be expressed as
The constant, , was empirically evaluated by Saunders and Miodownik 15) to be $ 0:41. To calculate eq. (1), it is necessary to derive the quantities , G Ã , and G m . The viscosity of the supercooled liquid between the glass transition temperature, T g , and T m was estimated using the Doolittle expression based on the relative free volume, f T , given by the expression 16 )
where
The terms A, B, and C are constants, and E H is the hole formation energy. Because of the lack of experimental data, in this work, E H was calculated based on the linear relationship between E H and T g . 16) Then, assuming that f T ¼ 0:03 and ¼ 10 12 PaÁs at T g , and assigning a value of B ¼ 1, the other constants, A and C, can be evaluated. The T g values required to estimate the viscosity were taken from the experimental values of Inoue et al.
6) The glass transition temperatures adopted in this study are shown in Table 1 .
The molar free energy driving force for the liquid to crystallize, G m , can be obtained from the thermodynamic calculations based on the Gibbs energy functions formulated by the authors' group. The details of the thermodynamic modelling and parameters of individual phases in the Nb-NiTi-Zr quaternary system have been described in our previous paper.
7 ) It is noteworthy that, although various models for a supercooled liquid, such as the association model, 17) have been proposed, the supercooled liquid phase was described by extrapolation of its high-temperature properties in this study. Figure 1 shows a schematic diagram for calculation of the driving force for the crystallization of AB 2 from a supercooled liquid of composition x 1 , in a theoretical A-B binary system, where G L , G S , and G AB 2 denote the Gibbs energy of the liquid, solid solution, and AB 2 , respectively. The chemical potential of elements A and B in the liquid phase is denoted by " G G
respectively. In Fig. 1 , there is a driving force for the crystallization of AB 2 given by G m , where G m represents the Gibbs energy required to form one mole of AB 2 from a liquid of composition x 1 . Therefore, G m is expressed by the following equation
where x A and x B are the mole fractions of elements A and B in the crystalline phase AB 2 . In this study, the temperature dependence of G m was approximated as being linear from the following expression
The value of G Ã can be derived by inserting the value of H f m into eq. (4), and then using the calculated value of m in eq. (3). In our calculations, the constants in eq. (1) were taken to be a 0 ¼ 0:28 Â 10 À9 m, X ¼ 10 À6 , and N v ¼ 5 Â 10 28 atoms/m 3 . Since the critical cooling rates for glass formation, R c , can be defined as the minimum cooling speed that does not intersect the TTT curve, R c was calculated using the following equation
where T n and t n are the temperature and time at the nose of the TTT curve, respectively.
Evaluation of the Glass-Forming Ability
According to the experimental work of Inoue et al., 6) the Nb 40ÀxÀy Ni 60 Ti x Zr y alloys exhibit a glassy state over a wide composition range of 0 to 35%Ti and 0 to 30%Zr, where the glass transition followed by a supercooled liquid region was observed. Hence, we selected the Nb 40ÀxÀy Ni 60 Ti x Zr y alloys as a representative composition in this study, and the TTT curves for crystallization from a supercooled liquid were calculated using eq. (1). Then, the critical cooling rates for glass formation were obtained. shorter times than those of other crystalline phases. Using eq. (9), the critical cooling rates were calculated to be 3:7 Â 10 1 K/s and 1:7 Â 10 3 K/s, respectively. The calculated critical cooling rates and the crystalline phases controlling glass formation in the Nb 40ÀxÀy Ni 60 Ti x Zr y alloys are listed in Table 1 . In Fig. 3 , the calculated critical cooling rates for glass formation are plotted on the calculated liquidus surface projection. From Fig. 3 , it can be seen that the critical cooling rates decrease with decreasing liquidus temperature. For example, at the 10 mol%Ti section, the liquidus temperature decreases with increasing Zr content up to 20 mol%Zr by about 150 K, and the decrease in the liquidus temperature means that the addition of Zr to the Nb 30 Ni 60 Ti 10 alloy increases the stability of the liquid phase relative to the neighbouring crystalline phases, and also corresponds to a decrease in the driving force for crystallization of the crystalline phases from the liquid phase, as shown in Fig. 4 Table 1 ). We will discuss the difference between these two alloys from a thermodynamic point of view.
Based on our thermodynamic calculations, the driving force for the crystallization of Nb 20 Ni 60 Ti 15 Zr 5 (No. 12 in Table 1 ) at T ¼ 980 K, which almost corresponds to the temperature at the nose of the TTT curves for these two alloys, is 1.3 times larger than that of Nb 15 Ni 60 Ti 10 Zr 15 (No. 8 in Table 1 ). Although there are other parameters controlling the location of a TTT curve, the larger driving force for Nb 20 Ni 60 Ti 15 Zr 5 results in relocating the nose at shorter times than that for Nb 15 Ni 60 Ti 10 Zr 15 by more than an order of magnitude, thereby increasing the critical cooling rate by about two orders of magnitude.
In Fig. 2 , the continuous heating curve at a rate of 0.67 K/s, which corresponds to the heating rate of Differential Scanning Calorimetry (DSC), 6) is shown by the broken line. Although a calculation method for the conversion of a TTT curve into a continuous heating transformation (CHT) curve has been proposed, 18) the supercooled liquid region ÁT x ð¼ T x À T g Þ was roughly estimated to be ÁT x % 55 K for Nb 15 Ni 60 Ti 10 Zr 15 and 43 K for Nb 20 Ni 60 Ti 15 Zr 5 , based on the intersection between the calculated TTT and the continuous heating curves. The estimated values of ÁT x are somewhat smaller than the observed values, 6) but nearly identical, and thus, we confirmed that the phase stability of the glassy state for these two alloys was nearly the same, because they exhibited almost the same supercooled liquid region ÁT x . However, it was found that the glass-forming ability of Nb 15 Ni 60 Ti 10 Zr 15 (No. 8 in Table 1 ) was much higher than that of Nb 20 Ni 60 Ti 15 Zr 5 (No. 12 in Table 1 ). Figure 5 shows the estimated supercooled liquid region ÁT x for the Nb 40ÀxÀy Ni 60 Ti x Zr y alloys, together with the experimental ÁT x .
6) From Fig. 5 , it seems that the agreement between the estimated and experimental values of ÁT x is unsatisfactory. One of the reasons for this disagreement is likely due to the assumption that a mixing of elements is random in the supercooled liquid phase. In fact, the short range ordering exits in the liquid at low temperatures and results in stabilizing the supercooled liquid phase. 19) Thus, it would be difficult to estimate the supercooled liquid region ÁT x with a high degree of accuracy using the present procedure. On the other hand, we believed that the glassforming ability of this quaternary alloy could be reasonably evaluated in terms of the critical cooling rate, by considering the fact that the agreement between the evaluated and experimental glass-forming composition range was reasonable in our previous works. [20] [21] [22] 
Conclusions
We have evaluated the glass-forming ability of Nb-Ni-TiZr quaternary alloys by introducing the thermodynamic Fig. 1 The construction used in calculating the driving force, G m , for the crystallization of compound AB 2 from a liquid of composition x 1 in the A-B system. NiTi Ni Zr 10 7 Nb Ni Ti 13 10 12 Nb Ni Ti 
